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REMARKS 



I. Status of the Claims 

Claims 4, 6-8, 17, 20-28, and 48 are pending in the application. A Request for 
Continuing Examination accompanies this reply. Applicants thank Examiner Crouch and 
Examiner Lieto for taking time to discuss the outstanding issues with applicants' 
representatives. 

In a final Office Action dated July 28, 2005, claims 4, 6-8, 17, 20-28 and 48 are 
rejected under 35 U.S.C. § 1 12, first paragraph as failing to comply with the enablement 
requirement. Claim 48 is objected to as being dependent upon a cancelled base claim. 
Applicants amended claim 48 in a Reply dated October 27, 2005. 

II. Claim Objection 

Claim 48 was objected to as being dependent upon a cancelled base claim. In 
applicants' Reply dated October 27, 2005, claim 48 was amended to depend from claim 6. In 
an Advisory Action dated November 30, 2005, the examiner entered the amendment and 
withdrew the objection in view of applicants' amendment. 

III. The Claims are Patentable under 35 U.S.C. § 112, Paragraph 1 

Claims 4, 6-8, 17, 20-28 and 48 were rejected under 35 U.S.C. § 1 12, first paragraph, 
for allegedly containing non-enabled subject matter. The examiner alleges that the 
specification, while being enabling for a recombinant nucleic acid molecule consisting of a 
nucleotide sequence encoding hepatitis C virus nonstructural proteins NS3, NS4 and NS5, 
wherein said nucleotide sequence is operably linked to regulatory elements, said regulatory 
elements comprising a promoter, enhancer, polyadenylation sequence, and at most the 9 most 
3 1 nucleotides of the 5'-UTR of a hepatitis C virus, does not reasonably provide enablement 
for a recombinant nucleic acid molecule consisting of a nucleotide sequence encoding 
hepatitis C virus nonstructural proteins NS3, NS4 and NS5, wherein said nucleotide sequence 
is operably linked to regulatory elements, said regulatory elements comprising a promoter, 
enhancer, polyadenylation sequence, and a 5' untranslated region from any gene. Applicants 
traverse the rejection. 
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Applicants' claimed invention is a recombinant nucleic acid molecule consisting of a 
nucleotide sequence encoding hepatitis C virus nonstructural proteins NS3, NS4 and NS5, 
wherein said nucleotide sequence is operably linked to regulatory elements, said regulatory 
elements comprising a promoter, enhancer, polyadenylation sequence, and a hepatitis G virus 
5' -untranslated region (5'-UTR). Furthermore, the claimed invention is a method of inducing 
an immune response against hepatitis C virus in a human uninfected by hepatitis C virus 
comprising administering the recombinant nucleic acid molecule. Contrary to the examiner's 
rejection, the specification does enable a person skilled in the art to practice the claimed 
invention, in part, wherein the regulatory elements comprise a hepatitis C virus 5'-UTR. The 
specification is enabling for regulatory elements comprising more than the "9 most 3' 
nucleotides of the 5'-UTR of a hepatitis C virus." The specification states that the 5'-UTR can 
include the last 9 nucleotides of the HCV 5'-UTR, the last 50 nucleotides, the last 100 
nucleotides, the last 150 nucleotides, the last 200 nucleotides the last 250 nucleotides, the last 
300 nucleotides, or the entire HCV 5'-UTR. See specification, for example, page 10, line 18 
to page 11, line 2. These proportionate lengths of HCV 5'-UTR are functional in an 
expression construct comprising a nucleic acid encoding the HCV NS3, NS4, and NS5 genes. 
Looking to the specification as filed and to publications as of the filing date of the application, 
one of skill in the art would understand that expression constructs incorporating the HCV 5*- 
UTR have transcriptional activity. 

The amount of guidance or direction needed to enable the invention is inversely related 
to the amount of knowledge in the state of the art as well as the predictability in the art. In re 
Fisher All F.2d 833,839, 166 USPQ 18,24 (CCPA 1970). MPEP 2164.03. Given the state of 
the art at the time of filing the application, one would be able to use the HCV 5'-UTR in a 
recombinant expression construct comprising a nucleic acid encoding the HCV NS3, NS4, and 
NS5 genes. Yoo et al., Virology 191: 889-899, 1992 (Exhibit A; of record in a Supplemental 
Information Disclosure Statement filed October 27, 2005) further supports the enabling 
disclosure of the specification. Following the teaching of the Yoo et al. reference, one would 
have a reasonable expectation of success in constructing a recombinant nucleic acid molecule 
including HCV NS3, NS4, and NS5 genes, and regulatory elements including portions of the 
HCV 5'-UTR, as claimed. The Yoo et al. reference measured transient expression from an 
expression construct with a promoter region including various regions of the HCV 5'-UTR 
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and a chloramphenicol transferase (CAT) reporter. These experiments mapped the c/s-acting 

elements controlling translation in the HCV genome linking a full length (nucleotides 1 to 

341) or deleted versions of the 5'-UTR of HCV RNA to the coding region of CAT mRNA. 

See, for example, Figure 1 of Yoo et al. The nucleotide sequence of the 5 5 -UTR of HCV 

RNA corresponds to SEQ ID NO: 2 (nucleotides 1 to 341) in the specification. The Yoo et al. 

reference identifies "an efficient positive control element that stimulates translation may be 

present downstream from nucleotide 255. This 86-nucleotide sequence contains a 28- 

nucleotide sequence at position 291 to 281 with 90% sequence identity. . . to a PEST-IV 

[element]." See for example, Yoo et al., paragraph spanning pages 893 to 894 and Figure 3. 

Therefore, a skilled practitioner would predict that a construct containing regions of the 5'- 

UTR of HCV, e.g., the PEST-IV element, would produce increased levels of HCV NS3, NS4, 

or NS5 protein compared to a construct lacking the 5'-UTR of HCV and thus increase the 

likelihood of producing a protective immune response in a mammal. 

As further stated in the Declaration by Dr. Jack Wands in Paper No. 13: 

"Utilizing information provided in the subject application and in 
Yoo et al. Virology 191: 889-899, 1992, one skilled in the art would 
understand the function of the 5'-UTR of hepatitis C virus, including the 
positive and negative translational control elements within the 5'-UTR. 
One skilled in the art would be able to operably link the 5'-UTR of 
hepatitis C virus to a recombinant nucleic acid molecule acting as an 
expression plasmid for proteins, for example, hepatitis C virus non- 
structural (NS) protein.' 5 

Declaration of Dr. Jack Wands under 37 C.F.R. § 1.132 in Paper No. 13. 

A person of skill in the art at the time of filing the application would be able to utilize 
an HCV 5'-UTR from various strains or isolates of hepatitis C virus as a regulatory element 
in a recombinant nucleic acid molecule, as claimed. The HCV 5'-UTR is sufficiently 
conserved or analogous from various HCV strains or isolates that one of skill in the art would 
be able to operably link the 5'-UTR of hepatitis C virus to a recombinant nucleic acid 
molecule acting as an expression plasmid for proteins, for example, hepatitis C virus non- 
structural (NS) protein. Bukh et al., Proc. Natl Acad. Set USA 89: 4942-4946, 1992 (Exhibit 
B; of record in an Information Disclosure Statement filed February 5, 2001) provides an 
alignment of nucleotide sequences of the S'-UTR of 44 HCV isolates from around the world 
and further compares these 44 sequences to an additional 37 published sequences of 5'-UTR 
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from HCV isolates. See for example, Figure 1 and Figure 3 of the Bukh et al. reference. The 
sequences share three highly conserved domains and conserved open reading frames within 
the S'-UTR of the HCV isolates. See Abstract and Figure 2. These HCV isolates share 
sequence similarities and are classified within various HCV groups, for example, HCV group 
I, HCV group II, or HCV group III. See Bukh et al. reference, page 4944, top left column. 
The authors hypothesize that the conserved ORFs are maintained because of a role in control 
of translation. See Bukh et al. reference, page 4944, right column. The Yoo et al. reference 
confirms this and states that a positive control element is present downstream of nucleotide 
255, containing a PEST-IV element. In Figure 1 of the Bukh et al. reference, a sequence 
comparison of the 44 isolates shows that a 100 nucleotide downstream region (-100 to -1) is 
highly conserved among the 44 isolates studied in the Bukh et al. reference and likely contains 
the same positive control element, PEST-IV, as described in the Yoo et al. reference. 
Therefore, the Bukh et al. reference and the Yoo et al. reference provided sufficient evidence 
to enable the use of any HCV S'-UTR as a regulatory element in the recombinant nucleic acid, 
as claimed. The HCV S'-UTR is sufficiently conserved or analogous such that one of skill in 
the art would know which regions of the 5'-UTR to operably link as a regulatory element in 
the recombinant nucleic acid. 

The examiner argues that multiple premature start codons present in the S'-UTR of 
the HCV would have a negative effect on the efficiency of translation. Utilizing information 
provided in the subject application and in the Yoo et al. reference, one skilled in the art would 
understand the negative effect on translation in the region of ORF1, ORF2, ORF3, and ORF4 
within the S'-UTR of HCV and the positive effect on translation in the region of PESTI-IV 
within the S'-UTR of HCV. See for example, Yoo et al. reference, Figure 1. Contrary to the 
examiner's assertion, one skilled in the art would be able to operably link the 5'-UTR of 
hepatitis C virus to a recombinant nucleic acid molecule acting as an expression plasmid for 
proteins, for example, hepatitis C virus non-structural (NS) protein. 

Therefore a person of skill in the art would know how to utilize the HCV 5'-UTR to 
enhance expression of a recombinant nucleic acid encoding the HCV NS3, NS4, and NS5 
proteins. The specification enables one of skill in the art to utilize various regions of the S'- 
UTR of a hepatitis C virus (i.e., more than "at most the 9 most 3' nucleotides of the 5'-UTR 
of a hepatitis C virus") to construct a recombinant nucleic acid molecule as claimed. 
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Furthermore, the specification enables one of skill in the art to utilize various regions of the 
5'-UTR of a hepatitis C virus to construct and use the recombinant nucleic acid molecule 
encoding HCV NS3, NS4, and NS5 in a method of inducing an immune response against 
hepatitis C virus in a human uninfected by hepatitis C virus. Accordingly, applicants 
respectfully request that the rejection of claims 4, 6-8, 17, and 20-28 and 48 under 35 U.S.C. 
§112, first paragraph, be withdrawn. 

IV. Conclusion 

In view of the foregoing, Applicants believe all claims now pending in this 
Application are in condition for allowance. The issuance of a formal Notice of Allowance at 
an early date is respectfully requested. 

If the examiner believes a telephone conference would expedite prosecution of this 
application, please telephone the undersigned at 206-332-1380. 



Woodcock Washburn LLP 
One Liberty Place - 46th Floor 
Philadelphia PA 19103 
Telephone: (215) 568-3100 
Facsimile: (215) 568-3439 



Date: January 27, 2006 




Phillip A. Singer 
Registration No. 40,176 
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5' End-Dependent Translation Initiation of Hepatitis C Viral RNA and the Presence 
of Putative Positive and Negative Translational Control Elements 
within the 5' Untranslated Region 

BYOUNG J, YOO,* 1 RICHARD R. SPAETE,** 2 ADAM P. GEBALLE.t 
MARK SELBY.* MICHAEL HOUGHTON/ and JANG H. HAN*' 3 

* Chiron Corporation, 4560 Honon Street, Emeryville, California 94608: and i Department of Molecular Medicine, 
Fred Hutchinson Cancer Research Center. 1 124 Columbia Street, Seattle, Washington 98 104 
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Hepatitis C virus (HCV) is a distant relative of pestivinjses and flaviviruses, but it has a 5' untranslated region (UTR) 
with some features structurally similar to that of picornaviruses. In order to test the role of the 5' UTR in controlling the 
expression of the HCV polyprotein, we fused full-Jength or deleted versions of the 5' UTR of HCV-l RNA to chloram- 
phenicol acetyl transferase (CAT) mRIMA to monitor CAT activity in vivo. We found: {1 ) the full-length & UTR of HCV-1 
RNA is translationatly inactive while 5' deletions which mimic a 5' subgenomic RNA detected in vivo are active. <2) an 
efficient c/s-acting element which represses translation is found at the 5' terminus, (3) a putative element which 
enhances translation is found near the 3 terminus of the 5' UTR, (4) additional c/s-acting elements including small open 
reading frames (ORFs) upstream from the putative enhancer element downregulate translation. Wa did not find evi- 
dence supporting the existence of an internal ribosome entry site in the 5' UTR of HCV-1 RNA. These data suggest that. 
HCV may employ a distinctive translation control strategy such as the generation of subgenomic viral mRNA in infected 
ceils. Translational control of HCV might be responsible for some of the characteristic pathobiology seen in- viral 

infection. © 1892 Academic Praas. inc. 



INTRODUCTION 

HCV is The major etiologic agent of non-A, non-B 
hepatitis worldwide (Alter et aL, 1989; Choo et aL, 
1989, 1990; Kuo et aL, 1989). It has a positive-strand 
RNA genome of approximately 9500 nucleotides 
which encodes a polyprotein that is processed into 
structural and nonstructural proteins (Choo et aL, 
igsg, 1990, 1991). HCV resembles flaviviruses and 
pestiviruses in genome organization within the poly- 
protein region and is proposed to be a member of The 
Fiaviviridae (Choo ei aL, 1 990, 1991; Han et aL, 1991; 
Houghton et aL, 1991). HCV isolates show consider- 
able amino acid sequence variations in coding regions, 
but they can be segregated into at least four different 
groups based on distinct amino acid sequence pat- 
terns (Houghton er aL, 1 991 ; Okamoto et aL, 1 992). 

The 5' untranslated region (UTR) of full-length HCV 
RNA appears to be 341 nucleotides long, based on at 
least five putative full-length HCV clones reported to 
date (Chen etaL, 1992; Han ezaL, 199i;Tanakaera/„ 
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1992; Okamoto er aL, 1991). Unlike the rjoiyprotein . 
region, the 5' UTR of HCV isolates are highly Conserved : 
(>98% within a group or >93% between groups), sug- 
gesting a functional importance (Han etaL, 1992). This 
region contains up to five upstream open reading, 
frames (ORFs), the first four of which are overlapping in 
HCV-1 , the prototype HCV isolate (Choo er aL, 1991;' 
Han etaL, 1 991). The 5' UTR is homologous in nucleo- 
tide sequence to pestiviruses, especially in four re-, 
gions (PEST-l to -IV) (Fig. 1C) (Han etaL, 1991). Previ- 
ously, primer extension analysis has revealed that two 
prominent species of HCV RNA exist in samples de- 
rived from infected patients (Han et aL, 1 991): a longer 
presumptive full-length genomic RNA, the 5' terminus 
of which is predicted to form a hairpin structure (Chen. 
etaL, 1992; Han ex aL, 1991; Inchauspe er aL, 1991; 
Okamoto e.ra/., 1 991 r 1 992), and a shorter 5' subgeno- 
mic RNA, the 5' terminus of which starts 145 nucleo- 
tide from the 5 f terminus of the longer RNA (Han et aL, 
1 991). These features suggest that control element- 
important to viral replication and polyprotein translation: 
may be present in this region of the HCV genome. 

The 5' end of the HCV genome is considerably differ- 
ent from flaviviruses (Han etaL, 1991). However, it has 
been suggested that the presence of small upstream 
ORFs and the relatively long length of the HCV leader 
(Choo era/,, 1 991; Han era/., 1991; Inchauspe etaL, 
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1991; Kato er aL, 1 990; Takamizawa et at., 1991) are 
features reminiscent of poliovirus 5' UTRs (Kitamura er 
aL, 1 981), The 5' UTRs of picornaviruses allow for cap- 
independent Translation of picornaviral genomes and 
also contain a c/s-acting site which allows for internal 
entry of ribosomes (Jang ei aL, 1 989; Pelletier and So- 
nenberg, 1 988) in contrast to The more usual scanning 
mechanism hypothesized to account for the transla- 
tion of most eukaryotic capped messages (Kozak, 
1983, 1989). In fact, Tsukiyama-Kohara ex aL (1992) 
recently reported the presence of an internal ribosome 
entry site (IRES) within the 5' UTR of HCV RNA pre- 
pared from two Japanese isolates using an in vitro sys- 
tem. However, we report evidence using an in vivo sys- 
tem employing both monocistronic and dicistronic 
contructs, which indicates that the translation of HCV- 
1 RNA is mediated not by an internal initiation but by a 
5' end-dependent initiation which favors the conven- 
tional cap-dependent ribosome scanning mechanism. 
Moreover, we have mapped three distinct os-acttng 
control elements, which can block, repress, or en- 
hance translation. Our results suggest that a subgeno- 
mic mRNA which is generated by an unknown mecha- 
nism in vivo may be the major template for the transla- 
tion of the viral polyprotein. 

MATERIALS AND METHODS 

Cells, bacterial strains, and plasmids 

Huh7, HeLa, and HepG2 cells were grown in Dul- 
becco's modified Eagle's medium supplemented with 
10% bovine calf serum (GIBCO-BRL, Gaithersburg, 
MD), Cells were grown in the presence of 7% C0 2 . All 
plasmids were grown in Escherichia co/i HB101, pur- 
chased from GIBCO-BRL. 

Enzymes 

Restriction enzymes and T4 DNA ligase were pur- 
chased from Boehringer-Mannheim (Indianapolis, IN), 
Taq-polymerase from Perkin Elmer (Norwalk, CT) P and 
T7 RNA polymerase and RNasin from Promega (Mad- 
ison, Wl). 

Construction of expression plasmids 

The construction of plasmid pT7EMCAT and 
pSV 2 CAT have been described (Elroy-Stein et aL, 
1989; Gorman et aL, 1982). Plasmid pHCVCAT was 
constructed by attaching Hin6\\\ sites at the both ends 
of the 5' UTR of HCV cDNA (Han et aL, 1 991) by PGR 
(Saiki et aL, 1988) and cloning the resultant fragment 
into the H/nd\\\ site of pSV 2 CAT. Plasmid pEQ355 was 
constructed by inserting the 341 bp 5' UTR of HCV-i 
into the AY//7dlll/,4sp7l 8 sites resident in the multiple 
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cloning site of 0-galactosidase (£-gal) expression p|^ s 
mid, pEQi76(Schleissera/., 1991). The HCV-1 5'u TR 
was generated as a Wndlll/^sp71 8 PCR fragment us- 
ing £114, an EcoRI fragment from a lambda vector 
(Houghton and Lee ( unpublished data), as template 
Plasmid pEQ39l [pCMV(CAT/HCV/LacZ)], was gener- 
ated by ligating a 716-bp Hind\\\/Ban\ fragment encod- 
ing the CAT gene isolated from plasm id pSV 2 CAT (Go r . 
man er aL, 1982) Into plasmid pEQ355 at the Hind(\\\ 
site. The Hin6\\\ sites were ligated and the Ban\ site and 
unligated Hin6\\\ site in pEQ355 were blunted with 
Klenow and religsted. Plasmid pEQ4l6 [pCMV(CAT/ 
polio/LacZ)] was constructed by ligating a 716-bp 
Hin6\\\/BamH\ CAT-gene-encoding PCR fragment gen- 
erated using pSV 2 CAT as template, a 995-bp BamHU 
Xho\ fragment encoding the poliovirus 5' UTR isolated 
from pEQ396 (Spaete er aL, unpublished data), along 
with 0-gal expression plasmid pEQ1 76 digested at the 
Hin6\\\/Xho\ site in the polylinker. pEQ396 is a 0-gal 
expression plasmid constructed by cloning the 5' UTR 
poliovirus sequence taken from pLNPOZ (Adam eral., 
1991) as an Xho\fPsx\ fragment blunted using Kienoto 
into pEQ377 digested at XbaUSnaBl sftes in the poly- 
linker. The Xba\ site was also filled withV Klenow to 
create blunt ends. Transcription of 0-gal iri'pEQ377 is 
promoted by T7 bacteriophage promoter (Geballe, un- 
published data). Plasmid p(CAT/SV40/LacZ) was con- 
structed b</ ligating the 71 6-bp .Hind\\l/H3amH\ CAjT 
gene encoding PCR fragment described above, along 
with SV40 polyadenylation signals contained in ah 
847-bp Bgl\\/BamH\ fragment isolated from pPR25 
(Burke, unpublished data), and /3-gal expression plas- 
mid pEQ1 76 digested with HindWBglW. The authentic- 
ity of all PCR products was verified by sequencing each 
of the resulting segments In the plasmids (Chen and 
Seeburg, 1985). ; 

i 

Construction of hybrid CAT RNAs i 

I 

Segments of pSV a CAT vectors indicated by arrows 
(Fig. 1) were amplified by PCR as described (Saiki et aL; 
1988; Shyamala and Ames, 1991). Each sense primer 
(PSV or P1 to P9) was designed to have a bacterior 
phage T7 promoter (T AATA C Q A CTC A CTATA G) at the 
5' end and a SV40 or HCV sequence of 1 6 to 1 8 bases 
at the 3' end fTable 1), An antisense primer (PT30, Ta- 
ble 1 ) had a stretch of 40 Ts at the 5' end and a complex 
mentary SV40 sequence (GGAGGAGTAG) ax the * 
end; this sequence binds to vectors 350 bp after a stop 
codon in the CAT gene by virtue of a perfect match of 
10 nucleotides and an additional poly A track present 
in the template DNA. A segment of pT7EMCAT wa^ 
amplified by primers T7 and T30 (Table 1). Each PCFS 
product was transcribed by T7 polymerase with on 
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TABLE 1 

List of Oligonucleotides Used as primers and Prose 



Oligonucleotide 



Size 
(nucleotide) 



P1 

P2 

P3 

P4 

P5 

P6 

P7 

P8 

P9 

PSV 

T7 

PT30 

T30 

JHC271 



34 
36 
36 
36 
36 
37 
36 
36 
36 
36 
18 
50 
45 
30 



Position in 
HCV genome 



1 to 16 
23 to 40 
35 to 52 
83 to 100 
99 to 116 
145 to 162 
218 to 235 
255 to 272 
322 to 339 



Sequence {5' to 3*) 



taatacgactcactatag gc cagccc cctgatgg 

taatacgactcactatagcactccaccatgaatcac: 

taatacgactcactatagaatcactccc ctgtgag g ! 

taatacgactcactatagccatggcgttagtatgag' 

taatacgactcactatagagtgtcgtgcagcctcca! 

taatac gactcactatag ggtctgc g gaaccgg gta 

taatacgactcactatagcctggagatttgggcgtg; 

TAATACGACTCACTATAG G AGTAGTGTTGGGTC G CGi 

TAATACGACTCACTATAGGGTCTCGTAGACCGTGCA 

TAATAC GACTCACTAT AGATTC CAG AAGTAGTG AGGi 

TAATACGACTCACTATAG 

T, 0 GGAGGAGTAG 

T 30 CAGGCGTAGCACCAG 

GGGATATATCAACGGTGGTATATCCAGTGA 



Note. The position of each oligonucleotide in the HCV genome is based on Han ex aL (1991). 



without cap analogue (Promega, p2010). treated with 
DNase, extracted with phenol-chloroform, and precipi- 
tated twice with ethanol in the presence of 2.5 M am- 
monium acetate. Concentration of each poly(A)+ RNA 
was estimated by uv absorption and confirmed by 
Northern and dot-blot hybridization (Fig. 2) as de- 
scribed (Han ex aL, 1986) using JHC271 as a probe 
(Table 1). In SV*CAT, R1 1, R13, and R14, sequences 
were internally inserted or deleted by an overlapping 
PCR method (Shyamala and Ames, 1991). The PCR 
products were confirmed to be correct by sequencing. 

Translation of hybrid CAT RNAs in vitro 

Synthetic RNAs were translated in nuclease-treated 
rabbit reticulocyte lysate (GIBCO-BRL) in the presence 
of 140 mM potassium acetate, as suggested by the 
manufacturer. Additional studies examining the influ- 
ence of K + ion concentration on cap dependence were 
done in the presence of 50 r 100 r 150, and 200 mM 
potassium acetate. Aliquots of the translation product 
labeled with P 5 S]methionine were analyzed by electro- 
phoresis in a 1 2% polyacrylamide gel as previously de- 
scribed (Laemmli, 1970). 

Transfection of hybrid CAT RNAs into mammalian 
cells for CAT assay 

Two micrograms of each synthetic RNA was trans- 
fected into 1 X 10 6 ceils in a 3.5-cm Costar plate 
(Thomas Scientific, Swedesboro. NJ) using 15 ^g of 
lipofectin (GIBCO-BRL) according to the procedure of 
Feigner er aL (1987) modified by the manufacturer. 
Cells were incubated overnight and harvested for CAT 



assay as previously described (Gorman er'aL, 1982); 
The relative CAT activity was shown to be linear ber 
tween 0.5 and 5 /*g of transfected RNA. Po'st-transfecr 
tion incubation between 6 hr and overnight did not sig- 
nificantly affect CAT activity. For translation of RNAs in 
poliovirus-infected cells, Huh7 cells were infected with 
poliovirus (Mahoney strain, ATCC VR-59) at a multiplic- 
ity of infection (m.o.i.) of 100, Cells ware transfected 
with RNAs 2 hr after the infection and harvested 4 hr 
after the transfection. Cells maintained normal mor- 
phology during the 6-hr infection, after which they be- 
gan to change shape and detach from the culture dish!. 

Transfection of dicistronic DNA constructs into cells 

Twenty micrograms of each plasmid DNA purified by 
a banding in a CsCl gradient were transfected into 2 X 
10 8 Huh7 celts by a calcium phosphate method (Gof r 
man ex aL, 1 982). The cells were harvested 48 hr sfter 
transfection and cell extract was prepared by repeated 
freezing and thawing. The CAT assay was performed 
as described (Gorman er ah, 1982). The LacZ assay 
was according to Miller (1 972). j 

RESULTS 

Construction of RNAs with deletions in the 5' UTR of 
the HCV genome and rationale for the method 

In order to map c/s-acting element(s) controlling 
Translation in the HCV genome, we linked full-length 
(from nucleotide 1 to 341) or deleted Versions of the 5' 
UTR of HCV-1 RNA to the coding region of chloram- 
phenicol acetyl transferase (CAT) mRNA (Figs. 1 and 2) 
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/RelativeK 
PSV2CAT ( CAT ! 

-A--SVCAT (1.0) ! 
■A-SV'CAT (3.1) : 

P77EMCAT \ 
■A- • EMCVCAT (0.3) 



pHCVCAT 



•R1 

>R2 



■AAA" - ■ 
'AAA 

■AAA- • • R3 
■AAA « - * R4 
'AAA- « -R5 
■AAA - - -R6 
'AAA ■ - . R6»hp 
•AAA- • -R7 : 
•AAA - . . R8 
•AAA- . - R8*hp 
■AAA- • -R9 
AAA- - -H11 
AAA..-R13 . 
AAA---R-j4 " 
'AAA- - . R17 
AAA- • . R18 



(UD) 
(0.S) 
(20) 
(2-1) 
(2-5) 

(2-1) 
(0.1) 
(5.2) 
(7.9) 
(0.1) 
(0.6) 
(UD) 
(UD) 
(UD) 
(1-5) 
(0.6) 



and measured CAT protein expression in vixro (data not 
shown) and CAT enzymatic activity in vivo^Te 
S?r?Sf e8Ch RNA ? y transc ^ing a DNA fragment 
to ln^I P ymSra ! e ' Which was first a^PUfled by PCR 
to contain a specific 5' or 3' deletion (Fig i ) Each RNA 

IA40; at the 3 end to increase stability in cells This 
approach allows an efficient produc/on of a ,arae 

qies RNA? Ln C ? 0, : Vent ? na ' ° NA tran ^ction strati 
g/es, RNA transfection of cells using this approach cir- 

£^h P ^?' ,, ? nfl ^-P°" P-blems 
cleus Bv L o molec " ,es ™ay encounter in the nu- 
tional RNAs m "SSSS' W@ two addi- 

eadv mRNA rh S ° AT With the 5 ' ,eader °f SV40 
early mRNA that served as a positive control for a con 



W the EMCVCAT with the 5' leader of EMCV that: 

naSarnr"" 6 *" ^^ntin^ , 

nai initiation (Jang er s/., 1 989). 1 

Translation of hybrid CAT RNAs in vitro 

caivactl?^ t W w e ! her SynthetiG RNAs were biologi- ! 
cally active and to determine their translational orofite ' 

lysate (data not shown). All RNAs including SVCAT : 

hpvpat + bB Surnrn ^ed as follows: (1) In ' 
HCVCAT constructs, Ri to R5 produced CAT protein 

MoTZr^T* det6Ctable ' eVe ' S - This ^ <5Sn£ j 
lation gradually increased in R6 and in R7. reaching a 1 
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Fig. 2. Northern blot (A) end sloi bloi analysis (B) of engineered 
hybrid CAT RNAs. Two-tenths of a microgram of each denatured 
RNA was electrophoresed in s 1.5% agarose gel containing 0.3 M 
formamlde for Northern blot analysis or direcxly blotted an the filter 
for sloi bloi analysis (Han ei dl., 1 986). Each blot was hybridized with 
a ya p-lsbeled JHC271 which binds to The 5' terminus of The CAT 
coding region. 



maximum 12-fold increase in R8. (2) At K + concentra- 
tions of 140 mM the in vitro translation of capped 
SVCAT and HCVCAT RNAs (R7, R8) was more efficient 
than thai of the uncapped RNAs by an average of 20- 
fold, (3) At lower K + concentrations (50 to 100 rr\M). 
translation of uncapped Ri template generated CAT 
protein at levels comparable to that of the capped Ri 
template, possibly indicating the occurrence of weak 
internal initiation. These results, however, did not con- 
firm recent data by Tsukiyama-Kohara etsL (1 992) who 
reported the detection of an efficient internal ribosome 
entry site within the 5' UTR of HCV RNA using rabbit 
reticulocyte iysate and HeLa cell extracts. Because of 
this discrepancy and the fact that protein synthesis in 
vitro using cell lysates does not always faithfully repre- 
sent translation conditions in vivo (Kozak, 1983), we 
elected to test our constructs in an in vivo system by 
transfecting mono- and dicistronic templates directly 
into mammalian ceils as a more relevant readout of 
biological activity. 

Translation of hybrid CAT RNAs in vivo and 
identification of control elements 

In order to determine the translation profile of the 
monocistronic constructs in vivo, we transfected RNAs 
(R1 to R18) along with the control RNA, SVCAT, into a 
human hepatocyte cell line (Huh7) using lipofectin 
(Feigner er a/., 1 987) and monitored CAT activities (Fig. 
3). In the fulMength construct R1 , CAT activity was re- 
peatedly undetectable (Fig. 3, lane 3) unless the 
amount of RNA was increased by 5-fold and more cell 



extract was used (data not shown). This result sug- j 
gested that the full-length HCV RNA may not be an , 
efficient translation template in vivo. When a series of 5' ! 
deletion constructs were analyzed (Fig. 3, lanes 4-11), . 
CAT activity was first detected in R2 in which the 5' , 
terminal hairpin of 23 nucleotides was removed. This I 
activity increased by 4-fold in R3 and a similar level of j 
activity was detected in R4 P R5. and R6 which were 1 
systematically deleted for ORF1 to 4. It should be 
noted that the 5' leader sequence in R6 was identical to 
that of the 5' subgenomic RNA detected in vivo (Han ex 
ai. t 1 991). This activity further Increased by 2-fold in R7 ! 
in which the AUG codon of ORF 5 was removed and an ; 
additional 1.5-fold in R8 which retains only 86 nucleo- 
tide of 3' proximal sequence, representing a maximum 
activity. These data suggested that sequences up- \ 
stream from nucleotide 255 including the small ORFs ' 
are inhibitory to the translation from the major initiation 
codon for the polyprotein. J 
The maximum CAT activity seen in R8 decreased ! 
sharply upon a further deletion of 67 nucleotides (Fig. 
3, R9). This result suggested that an efficient positive 
control element that stimulates translation .may be 
present downstream from nucleotide 255. Thi&86-nu- 
cleotide region contains a 28-nucleotide sequence at , 
position 291 to 281 with 90% sequence identity to ; 
pestlviruses and has been designated as PEST-IV (Han \ 
ex ei, 1991). To determine whether the PEST-IV ele- j 
ment is solely responsible for the observed translation 
stimulation, we performed 3' deletion analysis on R6 
(Fig. 3, lanes 1 2-15). We chose this RNA because any \ 
construct which contained an intact 5' terminus of HCV 
RNA was inactive (see below) and 3' deletion in R8 ( 
would generate RNA with a short 5' leader. Upon trans- ; 
fection, the CAT activity seen in R6 was dropped 1 ,5- ! 
fold by a deletion of 20 nucleotides from the 3' end of j 
R6 (R1 7, lane 1 4) and a further 2.5-fold decrease by an 
additional deletion of 28 nucleotides (R18, lane 15). ' 
These data indicated that additional upstream and . 
downstream sequences from the PEST-IV were neces- j 




Fig, 3. Translation of Transfected synthetic RNAs in Huh7 cells, i 

Two micrograms of each RNA were transfected into 1 x 10° Huh7 , 
cells using lipofeciin (Feigner er at., 1 987) and the CAT activity was 

measured 14 hours later (Gormen er a/. P 1982). The posixions of j 

unacetyleted CAT (C) and monoacetylated CAT products (1 ACC or ■ 
3ACC) sre indicated. 
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sary for maximum translational enhancement. None- 
theless, this PEST-IV sequence appears to be a part of 
a positive c/s-acting element which can be transferred 
to a heterologous 5' leader: when this 28-nucleotide 
sequence was inserted into the SVCAT to create 
SV*CAT, it conferred an increase in CAT activity of 3- 
fold (Fig. 4. lane 2 vs lane 3). 

In additional 3' deletion analysis, no CAT activity was 
detected in R 1 1 and R 1 4 (Fig. 3. lanes 12, 13) or in R1 3 
(data not shown), all of which contained the 5' hairpin 
These data are consistent with the view that the 5*' 
hairpin may be inhibitory to the translation of HCV RNA. 

The effect of 5' hairpin of HCV on the translation of 
CAT RNAs 

Since RNAs with the intact 5' terminus were all inac- 
tive irrespective of the downstream sequences (Fig 3 
lanes 3,12,13), we tested whether a potential 5' hair- 
pin structure resident in the most distal 23 nucleotides 
(hereafter referred to as the 5' hairpin) is directly respon- 
sible for the observed translation inhibition. Accord- 
ingly, the 5' hairpin was linked to the 5' terminus of the 
two active RIM As, R6 and R8. These RNAs (R6hp, R8hp) 
were transfected into Huh7 cells and the CAT activity 
was measured. As shown in Fig. 4, the juxtaposition of 
the hairpin on these constructs nearly abolished the 
translation as demonstrated by the relative CAT activity 
lane 7 vs lane 9, lane 1 0 vs lane 1 2). This indicates that 
trie 5 hairpin is a potent translation inhibitor, although 
complete inhibition requires more sequence than the 
23-nucIeotide hairpin alone. 

Translation of hybrid CAT RNAs in poliovirus- 
infected cells 

Poliovirus infection is known to inhibit the cap-de- 
pendent translation of cellular mRNA and thereby pro- 
mote translation of its own or heterologous RNA which 
contains an IRES within its 5' UTR (Jang er a/., 1989- 

^ Ja l and Samow ' 1991: Pelletier ^d Sonenberg' 
1988) This inhibition is believed to be mediated indi- 
rectly by the poliovims-encoded proteinase 2A by acti- 
vatmg an unidentified latent cellular protease which in 
turn cleaves p 2 20, a component of the cellular cap- 
binding protein complex (elF-4F) (Sonenberg i 98 8) 
Therefore, we transfected hybrid CAT RNAs with 
various 5' UTR into Huh7 cells infected with poliovirus 
This strategy was designed to determine the cap de- 
pendency of each RNA and to detect the possible exis- 
S iif D °?uo? ak ' RES Which be P res ent in the HCV 

inr~° H H £V RNA " AS eXpe0ted ' e° liovi ™ Action 
increased CAT activity by sevenfold in EMCVCAT (Flo 
4, lane 1 3 vs lane 1 4), a positive control RNA for inter- 
nal initiation (Elroy-Stein et al.. 1989). In contrast 
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PEST IV ^ S ! f8Cl °1 P°' iovi . rus infeo *'° n . *■ 5' hairpin, and the ! 
PEST-IV 8 | ement on CAT activity m Huh7 cells. Cells (1 x 1 o'l J?!. 

(fli oC VR-59 2 hr before RNA transfection at a m.o.i. of too TraJ • 
lection conditions were the same as in Fig. 3 except that CAT a^Z 
was assayed 4 hr after RNA transfection IW9M " 



SJfl? « substamial|v decreased CAT activity in 
SVCAT (lane 2 vs lane 4) as well as in two HCV con 
structs. R6 (lane 7 vs lane 8) and R8 (lane 10 vs lane 
11. respectively. The lowered CAT activities seen in 
poliowus-mfected cells were further diminished if in- 
cel ' s were ^cubated longer than 2.5 hr prior to 
RNA transfection (data not shown). The CAT activity of 
R1 remained undetectable regardless of poliovirus in- 
fee ion (lanes 5, 6). This result strongly suggested that 
an IRES is not present in the 5' UTR of HCV<1 RNA 

With the exception of the R1 construct, the con- 
structs tested in the above experiment contained large 
delefons of the 5' UTR. Because it is formally possible 
that such deletions may have affected a putative IRES 
structure and/or function, we elected to test con- 
structs with less extensive deletions for their ability to 
translate CAT protein in poliovirus-infected cells In 
agreement with results shown in Fig. 4. the CAT activ- 
ity of the Ri construct remained undetectable in the 
presence or absence of poliovirus infection (Fig 5A 
anes 3 and 4). Constructs R2 to R5 showed relative 
levels of CAT activity similar to those described previ- 
ously (e.g.. Fig. 3) when tested in the absence of polio- 
virus infection (Fig. 4 A, lanes 5. 7, 9, and n. respec- 
tively . However, the CAT activities of the HCV leader 
templates were practically abolished in the poliovirus- 
infected cells (Fig. 5A, lanes 6. 8, 10, and 12) 

In addition, templates SVCAT and R1 to R3 were 
tested in a similar protocol using uncapped messages. 
As is shown ,n Fig. 5B. the uncapped templates were 
inactive in transfected cells whether or not the ceils 
were subsequently infected with poliovirus. These re- 
su ts strongly suggest that monocistronlc messages 
uru?nt°o n9 regu,aTOf y elements derived from the 
HCV 5 UTR are translated by a cap-dependent mecha- 
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construct with the HCV leader did not support the! 
translation of the second LacZ cistron at a level compa-j 
rable to the dicistronic control construct employing at 
poliovirus leader (Fig. 6C). These data support the ear- 
lier evidence generaied using monocistronic con- 
structs that the full-length 5' UTR of HCV genome does 
not contain an IRES. 

Translation of HCV RNA constructs in HeLa and 
HepG2 cells 

Transient transfeotion assays can give different read- 
outs that are cell line dependent. In order to ensure 
that the results we obtained were not confined to' 
HUH7 cells, we transfected R1 , R7, and R8 constructs 
into HeLa and HepG2 cells to assay the constructs in' 
different cell lines. The resultant pattern of CAT activity 
were qualitatively similar to that observed in Huh7 cells 
(Fig. 7). 



c- jut m& ttfr Wfr mm 

12 3^ 5 6 7 8 

Fig. 5. The effect of poliovirus infection on CAT activity of capped 
(A) or uncapped (B) RNAs in Huh7 cells. Cells (1 x 10°) were unin- 
fected orinfecied<lane8 4 ( 6, 8, 10, and 12 for A; lenes 2, 4, 6, and 8 
for 8) with poliovirus, transfected with indicated RNAs, and assayed 
tor CAT activity. Experimental conditions were the same as in Fig. 4. 



nism and that the HCV 5-noncoding region does not 
have an IRES element. 

Translation of dicistronic mRNA in Huh7 cells 

The possible presence of an IRES within the 5' leader 
of HCV was further tested by transfecting Huh7 cells 
with DNA constructs designed to transcribe a dicis- 
tronic mRNA, Thus we placed the 5' UTR of HCV RNA 
as an intercistronic spacer b.etween CAT as the first 
cistron and LacZ as the second cistron and cloned this 
linked DNA into an expression vector, in which tran- 
scription is derived by the strong enhancer-promoter of 
ihe major immediate-early gene in cytomegalovirus 
(CMV) (Fig. 6A). In addition, we constructed both posi- 
tive and negative control dicistronic vectors, in which 
ihe 5' UTR of HCV was replaced with the 5' UTR of 
poliovirus and ihe 3' UTR of SV40 early gene, respec- 
tively. Upon transfection into Huh7 cells, all three con- 
structs supported translation of the first CAT cistron at 
a comparable level (Fig. 6B); however, the dicistronic 



DISCUSSION 

HCV is believed to be a distant relative of flaviviruses 
(Choo era/., 1 989, 1 990; Han era!., 1 991; Houghton ex 
al., 1 991), but its genome has structural features at the 
5' and 3' termini shared with that of poliovirus (Kitamura 
era/., 1 981) in two respects. First, the 5' UTR of HCV is; 
relatively long, contains multiple ORFs, can be mod-; 
eled into a rjighly ordered structure (data -not shown), 
and has a putative hairpin structure at the. 5' terminus 
(Han era/., 1991; Inchauspe era/., 1991;Okamoto 
al„ 1991 , 1 992). Second, the 3' UTR of HCV is short 
and has a homopolymer tail (Han and Houghton; 
1 992). Since the 5' UTR of poliovirus RNA is translated 
by a cap-independent internal initiation mechanism 
(Pelletier and Sonenberg, 1988), we searched for the 
same mechanism in the 5' UTR of HCV-1 RNA. How- 
ever, we failed to detect such an activity in vivo in con- 
junction with poliovirus infection. In addition, we could 
not detect evidence for internal initiation using a dicis- 
tronic mRNA approach, a standard DNA transfection 
system for the detection of IRES in a test RNA (Jang ei 
a/., 1989; Pelletier and Sonenberg, 1988). Our results 
are not cell type-specific, since we obtained similar re*; 
suits from several human cell lines including HeLa and 
HepG2 cells (data not shown). Taken together, we 
conclude that the 5' UTR of HCV-1 RNA does not con- 
tain an IRES. Furthermore, the fact that all test RNAs 
having the hairpin at the 5' terminus were translation- 
ally inactive strongly suggests that translation of HCV 
RNA is 5' end-dependent. 

In contrast to our results from HCV-1 , a group I iso- 
late, Tsukiyama-Kohara et al. (1 992) recently reported 
the detection of IRES within the 5' UTR of HCV RNA 
from two Japanese isolates which belong to group IF 
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F.g, 6. ExpresBion of CAT and LacZ from dicistronic mRNAs. (A) Schematic 
fasmid. the CMV major immediate-early promoter (MIE) an 
mRMA. (C) Relative LacZ activity normalized to CAT activity 



and III, respectively. Currently, it is difficult to explain 
these discrepant results. Although it is less likely it 
may be formally possible that different groups of HCV 
have adapted different translation strategies during the 
course of evolution. The two Japanese HCV isolates 
vary in the strength of internal initiation by twofold 
(Tsukiyama-Kohara er al., 1992). The nucleotide se- 
quence in the 5' UTR of the two reported Japanese 
HCV isolates differs from each other by 5% and from 
HCV-1 by 3 and 6%, respectively. Among HCV isolates 
including these three, the sequence heterogeneity 
within the 5' UTR is mainly clustered between nucleo- 
tide 200 and 250. which may form a potential second- 

HepGa HeLa 

SHOT R1 |2 |7 m SHUT »1 12 (7 es 



Fig. 7 Translation of hybrid CAT RNAs iransfecied into HspG2 
cells and HeLa cells. RNA transfection and CAT assay were per- 
formed as described in Rg. 3 legend. 



ary structure. In this structure, apyrimidinetteck which 
may be important for internal initiation (Luz and Beck 
1991; Pestova et al., 1991) j s | oca ted within a loop 
region (Tsukiyama-Kohara eta/., 1 992). Although HCV- 
1 has this sequence in the same region, our results do 
not indicate that the presence of it confers a cap-inde- 
pendent translation phenotype. Alternatively, in vitro 
systems can be influenced in their cap dependence by 
levels of K + ion in the lysate (Herman. 1987). It is not 
known what K + ion levels were present in the lysates 
used in the earlier report by Tsukiyama-Kohara et al. 
(1992). 

At the 5' terminus, HCV-1 RNA has a 27-nucleotide 
sequence that has a potential to form a hairpin struc- 
ture with calculated free energy of - 1 4.5 kcal/mol (Han 
eta/., 1991). Although the existence of this hairpin in 
physiological conditions needs to be verified by nu- 
clease digestion experiments, conservation of its 
structure, but not the primary sequence, in all putative 
full-length HCV sequences reported to date (Chen et 
si., 1992; Han et al., 1991; Inchauspe et al., 1991; 
Okamoto er al., 1991. 1 992) implies that the putative 
hairpin could be functionally important. We proved that 
sequence residing within this proposed 5' hairpin func- 
tions as a potent translational inhibitor. It was shown 
that a stable secondary structure in the 5' UTR of 
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mRNA (AG =* —50 kcal/mol) reduces translation effi- 
ciency (Kozak, 1986). By comparison, the putative 5' 
hairpin of HCV has a relatively weak secondary struc- 
ture, which may not be sufficient to block the unwind- 
ing activity of the initiation complex (Sonenberg, 1 988). 
However, because of its location, it may block ribo- 
some entry onto the 5' end of the RNA. Alternatively, it 
may be a binding site for cellular factor(s) which could 
be involved in viral replication or encapsidation. RNA 
hairpins have been implicated in translational control of 
cellular and viral mRNAs. In ferritin mRNA, a hairpin in 
the 5' UTR reversibly binds a cytosolic protein in the 
absence of iron, which results in translation repression 
(Rouaultera/., 1988). In Xenopus oocytes, introduction 
of an artificial hairpin into the 5' terminus of a test 
mRNA results in regulation of translation, which is spe- 
cific to the stage of differentiation (Fu et al., 1 991). A 5' 
proximal hairpin is highly conserved between enterovi- 
ruses and rhinoviruses. In poliovirus, the RNA hairpin is 
required for efficient translation and viral replication 
and mutation in this region significantly lowers transla- 
tion efficiency, suggesting that the hairpin potentiates 
the internal ribosome initiation process possibly by its 
interaction with downstream element or protein fac- 
tors) (Simoes and Sarnow, 1991). Thus the role in 
translation played by the putative 5' hairpin of the HCV 
genome is opposite to that of the poliovirus genome, a 
marked difference between HCV and poliovirus. 

We have located a putative c/s-acting element that 
efficiently enhances translation within an 86-nucleo- 
tide region, which contains the PEST-IV homology box. 
The latter 28-nucleotide sequence is nearly perfectly 
conserved among HCV isolates and shares 90% nu- 
cleotide sequence identity with pestiviruses (Hanef a/., 
1991). implying afunctional significance. Although we 
have not determined the precise 5' and 3' border of the 
positive element which enhances translation, we have 
demonstrated that the PEST-IV homology box is a part 
of such an element. Currently, it is unknown how this 
element augments translation in vivo. Based on its rela- 
tively short sequence requirement, it may facilitate 
translation by providing a higher relative affinity for limit- 
ing component(s) of translation machinery as sug- 
gested for alfalfa mosaic virus (Jobling and Gehrke, 
1987). 

The upstream ORFs, especially the last three of the 
five, are conserved in all HCV isolates suggesting their 
possible role in translation. However, defining a role for 
the first four ORFs in translational control is compli- 
cated by two structural features: (1) the first ORF is a 
part of the 5' hairpin and (2) three of the remaining four 
ORFs are overlapping, A deletion in ORF1 <R2) resulted 
in a moderate increase in CAT activity which may be 
explained by disruption of the inhibitory element at the 



5' terminus. Removal of 35 'nucleotides including the 
second AUG (R3) resulted in a fourfold increase in CAT 
activity. Subsequent deletion of the remaining ORFs 
(R4-R6) did not change CAT activity. Deletion of AUG 
codon in the fifth ORF (R7) results in a 2.5-fold increase 
in CAT activity. These data suggest that the upstream 
ORFs may function as negative modulators of transla- 
tion. This is consistent with the ribosome scanning hy- 
pothesis that has been reported to be operative for the 
majority of cellular and viral mRNAs (Kozak, 1983, 
1989). 

We have mapped three putative control elements in 
the 5' UTR of HCV-1 RNA, However, the fact that the 
full-length HCV-1 RNA is translationally inactive raises 
a question as to how HCV initiates polyprotein synthe- 
sis upon infection. In the absence of experimental evi- 
dence from a ceil culture system, one can consider 
several possibilities. Perhaps HCV infection primes ini- 
tial translation by viral component(s). This could either 
be an HCV-encoded factor(s) which derepresses the 
translational inhibition imposed by the 5' repressor ele- 
ment in the genomic RNA or an as yet unidentified c/s- 
acting element(s) elsewhere in its genpme. down- 
stream from polyprotein initiation codon, which allows 
internal initiation. However, in view of the arrangement 
of the repressor element at the 5' end and two putative 
c/s-acting elements within the 5' UTR of HCV, we pro- 
pose that active mRNA is present in infected cells as a 
separate entity. Previously, we reported the^detection 
of both 5' and 3 r subgenomic RNAs (Han et al., 1991). 
Although the biological significance of these RNAs has 
not been established, we believe that the 5' subgeno- 
mic RNA could possibly be a viral mRNA based on the 
fact that a CAT RNA having the 5' leader of this RNA is 
translationally active. Currently, the origin of this 5' 
subgenomic RNA is unknown. One possibility is that it 
could be transcribed from a specific promoter element 
within the 5' leader by RNA dependent RNA polymer- 
ase, for example, as described in Sindbis virus (Strauss 
and Strauss, 1986). 

We speculate that yiral protein synthesis in infected 
cells may be regulated at two or more levels, including 
mRNA production arid control at the level of transla- 
tion, HCV is believed to exist at low titer in clinical sam- 
ples. However, HCV infection is persistent and leads to 
chronic hepatitis and hepatocellular carcinoma at un- 
usually high frequencies (Dienstag and Alter, 1986; 
Houghton et aL % 1 991). We hypothesize that viral repli- 
cation and translation control operating at various lev- 
els within the 5' leader of HCV may be a genetic mecha- 
nism, in conjunction with a possible immunologic 
mechanism (Weiner er bL, 1992) for the observed 
pathobiology of viral infection. Our findings of transla- 
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tionat control slemenis in HCV RIMA provide intriguing 
prospects for future HCV research. 
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ABSTRACT We have determined the nucleotide sequence 
of the 5' noncoding (NC) region of the hepatitis C virus (HCV) 
genome in 44 isolates from around the world. We have iden- 
tified several HCV isolates with significantly greater sequence 
heterogeneity than reported previously within the 5' NC re- 
gion. The most distantly related isolates were only 90.1% 
identical. Nucleotide insertions were seen in three isolates. 
Analysis of the nucleotide sequence from 44 HCV isolates In this 
study combined with that of 37 isolates reported in the litera- 
ture reveals that the 5' NC region of HCV consists of highly 
conserved domains interspersed with variable domains. The 
consensus sequence was identical to the prototype HCV se- 
quence. Nucleotide variations were found in 45 (16%) of the 
282 nucleotide positions analyzed and were primarily located in 
three domains of significant heterogeneity (positions —239 to 
-222, -167 to -118, and -100 to -72). Conversely, there 
were three highly conserved domains consisting of 18, 22, and 
63 completely invariant nucleotides (positions -263 to -246, 
-199 to -178, and -65 to -3, respectively). Two nucleotide 
domains within the 5' NC region, conserved among all HCV 
isolates studied to date, shared statistically significant similar- 
ity with pestivirus 5' NC sequences, providing further evidence 
for a dose evolutionary relationship between these two groups 
of viruses. Additional analysis revealed the presence of short 
open reading frames in all HCV isolates. Our sequence analysis 
of the 5' NC region of the HCV genome provides additional 
information about conserved elements within this region and 
suggests a possible functional role for the region in viral 
replication or gene expression. These data also have implica- 
tions for selection of optimal primer sequences for the detection 
of HCV RNA by the PCR assay. 



The etiological agent of most posttransfusion non-A, non-B 
hepatitis cases, hepatitis C virus (HCV), is a positive- 
stranded RNA virus with a linear genome =9.5 kilobases (kb) 
in length (1, 2). The structure and organization of the HCV 
genome are similar to that of pesti- and flaviviruses (3-5). 
Published sequence data indicate that the 5' noncoding region 
(NC) of 324-341 nucleotides is generally highly conserved 
among different HCV isolates (6-8) and, furthermore, is the 
most highly conserved region of the HCV genome (3-5, 9, 
10). Also the 5' NC region of the HCV genome shares 
sequence similarity with the 5' NC region of pestiviruses (5, 
7). The high degree of sequence conservation has made this 
region the choice for primer selection in reverse transcription 
and amplification of HCV RNA by PCR (cDNA PCR) (for 
review, see ref. 11). Four short open reading frames (ORFs) 
have been described in the 5' NC region of HCV (5, 7), but 
the significance of these ORFs is unknown. Overall, these 
findings suggest an important functional role of the 5' NC 
region of the HCV genome in virus replication or gene 
expression. 
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In a recent study we tested sera from 114 individuals 
positive for antibodies to HCV (anti-HCV) from around the 
world for the presence of HCV RNA with four different 
primer sets in a cDNA PCR assay (12). In this study we have 
determined the nucleotide sequence of the 5' NC region of the 
HCV genome of 44 of these HCV isolates. t The isolates 
selected for analysis were chosen because they are repre- 
sentative of the different geographical locations and of the 
different patterns of reactivity to the primers used in the 
previous study (12). We find that, contrary to previously 
published data, the 5' NC region of the HCV genome 
possesses significant heterogeneity among different HCV 
isolates. 

MATERIALS AND METHODS 

Serum samples used in this study were from 44 anti-HCV- 
positive individuals from 12 countries [Denmark (DK), Do- 
minican Republic (DR), Germany (D), Hong Kong (HK), 
India (IND), Italy (S), Peru (P), South Africa (SA), Sweden 
(SW), Taiwan (T), United States (US), and Zaire (Z)]. These 
samples were used in a recent study in which sera from 114 
anti-HC V-positive individuals were tested for HCV RNA in 
a cDNA PCR assay with four primer sets (12). Primer set a 
was from within the 5' NC region of the HCV genome; primer 
set b spanned the 5' end of the 5' NC region to the 5' end of 
the putative core gene sequence; primer set c was from the 
3' end of the 5' NC region to the 3' end of the core gene 
region; and primer set d was from the nonstructural protein 
3-like gene of HCV. We selected for sequence analysis HCV 
isolates that represented each of the 12 countries and that 
reflected probable heterogeneity as measured by the different 
patterns of reactivity with primer sets ar-d. Specifically, 
isolates DR4, DK7, HK5, S9, SW2, T3, and US11 were 
positive with primer sets a, b, c, and d; isolates D3, D6, 
DK11, DK13, IND8, P10, SA1, SA7, SA10, SW3, T10, US6, 
and Z4 were positive with primer sets a, b> and c; isolate DK9 
was positive with primer sets a, b> and d; isolates DK12, 
HK2, HK10, IND3, IND5, P8, S45, S52, S54, S83, SA11, T8, 
T9, US3, Zl, Z5, Z6, and Z8 were positive with primer sets 
a and b\ and isolates SA3, T4, US1, US 10, and Z7 were 
positive only with primer set a. Viral RNA was extracted 
from serum, reverse-transcribed, and the resulting cDNA 
was amplified in a nested PCR assay as described (12). For 
39 HCV isolates that were detected with primer set b we 
sequenced that PCR product, a 321-nucleotide DNA frag- 
ment that spanned 282 nucleotides of the 5' NC region and 39 
nucleotides of the core gene region of HCV (i.e., positions 
-282 to 39). In five HCV isolates that could be amplified only 
with primer set a, that PCR product, a 196-nucleotide DNA 
fragment from the 5' NC region (i.e., positions —246 to —51) 
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was sequenced. A number of standard precautions were 
taken to reduce the risk of contamination with exogenous 
RNA, and a negative control was included for every serum 
sample tested in the RNA extraction, reverse transcription, 
and PCR amplification to rule out contamination as a source 
of false positive results (12). Amplified DNA for sequencing 
was purified by gel electrophoresis as described (12), and 
=100 ng of DNA was used for direct sequencing by the 
dtdeoxynucleotide chain-termination method (13, 14) with 
phage T7 DNA polymerase (Sequenase, United States Bio- 
chemical). Serum containing the prototype HCV isolate 
(HCV-1, refs. 5 and 7), provided by D. W. Bradley (Centers 
for Disease Control, Atlanta), was used as a positive control 
in PCR and sequencing reactions. Computer analysis of the 
sequences of HCV, flavi virus, and pesti virus genomes was 
done as described (15, 16). 

RESULTS AND DISCUSSION 
Nucleotide Sequence of the 5' Noncoding Region from 44 
HCV Isolates. A primary goal of this investigation was to 
analyze the nucleotide sequence of the 5' NC region of the 
HCV genome from a large number of isolates obtained 
throughout the world. Therefore, we reverse-transcribed 



HCV RNA, PCR-amplified the resultant cDNA, and directly 
sequenced the product to obtain the "consensus" sequence 
in each serum sample. An alignment of the nucleotide se- 
quence of the 5' NC region from the 44 HCV isolates we 
studied is presented in Fig. 1. Previously published multiple 
sequence alignments of others (6-8) demonstrated that the 5' 
NC region was highly conserved and 98% identical with 
prototype isolate HCV-1. In contrast, we have identified 
several HCV isolates with significantly more sequence vari- 
ability, (i) We found that three isolates had nucleotide 
insertions. Isolate HK2 had two separate nucleotide inser- 
tions of one and two nucleotides, whereas isolates Z5 and Z8 
each had a single nucleotide insertion. We did not detect 
nucleotide deletions, (ii) Nucleotide variation among all of 
the additional HCV isolates was as high as 9.9% (HK10, S52, 
S54 versus DK11, T8, SW3), and the nucleotide variation 
from HCV-1 was as high as 6.4% (DK12, HK10, S52, and 
S54) within the region of 282 nucleotides sequenced. Thus, 
contrary to the findings of others, we have demonstrated 
significant sequence variation within the 5' NC region of the 
HCV genome. 

Houghton and coworkers (11) analyzed the degree of 
sequence heterogeneity of HCV isolates and, based on this, 
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Fig. 1. Alignment of nucleotide sequences of the 5' NC region of 44 HCV isolates from around the world. The sequences are compared to 
the prototype HCV sequence (HCV-1, refs. 5 and 7, and resequenced in this study) shown on the top line. Nucleotide substitutions are indicated 
as uppercase letters, and identical nucleotides are shown as dots. Nucleotide insertions seen in three isolates (HK2, Z5, and Z8) are shown as 
lowercase letters. A single site of microheterogeneity is shown in italics, at position -138 in isolate DK12 (i.e., C and T). 
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segregated them into three groups (HCV I, II, and III). Other 
published sequences can be placed in these groups (9, 10). 
Group I includes isolates HCV-1 (5, 7), HC-J1 (6), and 
HCV-H (10); group II includes isolates HC-J4 (6), HCV-J (4), 
HCV-BK (3), and HCV-K1 (17); and group III includes 
isolates HCV-K2a (17), HCV-K2b (17), and HC-J6 (9). Our 
analysis, based entirely on sequence of the 5' NC region, 
shows that isolates from the present study represent a broad 
spectrum of sequence patterns that cannot all be placed 
within these groups. The predominant sequence pattern, seen 
in isolates D3, D6, DK7, DK9, DR4, HK5, IND3, IND5, 
IND8, P8, P10, S9, S45, SA10, SW2, T3, T10, US3, US6, and 
US11, was most similar to the sequence of the prototype 
isolate HCV-1 and closely related sequences (HCV groups I 
and II). In addition, there were several isolates (DK11, S83, 
SW3, T4, T8, T9, US1, and US10) with sequences similar to 
those of HCV group III. However, in the remaining isolates 
(DK12, DK13, HK2, HK10, S52, S54, SA1, SA3, SA7, SA11, 
Zl, Z4, Z5, Z6, Z7, and Z8) the 5' NC sequence was 
significantly different from those of reported sequences (Fig. 
1). It is noteworthy that the DK12, HK10, S52, and S54 
sequences were 5-10% different from any other isolate. 
Thus, we have observed patterns of nucleotide sequence in 
the HCV 5' NC region significantly different from the pat- 
terns assigned to groups I, II, and III (11). We were unable 
to segregate the sequence patterns that we observed in the 5' 
NC region to defined geographical regions (Fig. 1). Further 
sequence analysis will demonstrate how the heterogeneity 
observed in the 5' NC region among different HCV isolates 
relates to sequence differences elsewhere in the HCV ge- 
nome. 

It is well known that the primary sequence around the 
AUG initiation codon of a gene is important for initiation of 
translation (for review, see ref. 18). In this context we find it 
interesting that (i) the polyprotein start codon occurs at the 
same location relative to the prototype sequence in all 39 
HCV isolates studied and (ii) the nucleotides surrounding the 
AUG codon are particularly well-conserved. Except for the 
nucleotide variation at position -2, the nucleotide sequence 
at positions +8 to -65 is invariant among all studied isolates. 
It is noteworthy that the nucleotide at position —3 contains 
adenine because a purine at this position is regarded as key 
for initiation of translation (18). Our data imply that the 
position of the AUG initiation codon and the surrounding 
sequence is crucial to the translation of the HCV polyprotein. 

Different Open Reading Frames of the 5' NC Region of the 
HCV Genome. Han and coworkers (7) recently described 
short ORFs in the 5' NC region of the HCV and pestivirus 
genomes. We find that all HCV isolates examined in this 
study also have short ORFs. The different patterns of short 
ORFs observed within the 5' NC region of the various 
isolates of HCV are shown in Fig. 2. We cannot comment on 
the presence or absence of ORF 1, described previously (5, 
7), in our analysis because the initiation codon of ORF 1 in 
HCV-1 is 5 ' to the region that we sequenced. However, most 
HCV isolates included in this study have three short ORFs 
(ORFs 2-4) identical to those described (5, 7) in the prototype 
HCV sequence. Interestingly, different patterns of these 
ORFs were seen in several HCV isolates. An initiation codon 
beginning at nucleotide position -160 was found in 11 
isolates (DK13, HK2, IND8, SA1, SA3, SA7, SA11, Zl, Z5, 
Z6, and Z7). This ORF (ORF 5) was 7 amino acids in length 
and was fused with ORF 3 in several isolates (Fig. 2). Four 
isolates (DK12, HK10, S52, and S54) had only a single ORF, 
a version of ORF 4 longer at the V end by 21 amino acids for 
a total of 25 amino acids. Isolate Zl possessed the most 
unusual arrangement of ORFs: ORF 2 was elongated at the 
3' end by 14 amino acids for a total of 29 amino acids, and 
ORFs 3 and 5 were fused, creating an ORF of 49 amino acids. 
Thus, this isolate had ORFs spanning most of the 5' NC 
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Fig. 2. Short ORFs within the 5' NC region of the HCV genome. 
Shown at the top are the short ORFs described previously in the 
HCV prototype sequence (5, 7). All three translation frames of 
representative isolates are shown. The shadowed areas represent the 
short ORFs, defined as an initiation codon followed by codons 
specifying amino acids and not termination codons. Initiation codons 
are depicted as stars and numbered 1-5. Termination codons are 
depicted as vertical lines. The polyprotein start codon is marked PP. 
Inverted triangles show the position of nucleotide insertions. An 
ORF pattern similar to that of isolate SA1 was seen in isolates DK13, 
SA7, SA11, and Z6, and an ORF pattern similar to that of S52 was 
seen in isolates DK12, HK10, and S54. 

region and may reflect the genomic organization of a putative 
ancestral virus that encoded a polyprotein extending into 
what is now an untranslated region. The functional status of 
the ORFs in the 5' NC region of the HCV genome is 
unknown. We find it interesting that all 44 HCV isolates 
included in this study, as well as 35 HCV isolates reported by 
others (3-10, 16, 17, 19), have at least one ORF within the 5' 
NC region. These data are consistent with the hypothesis that 
these ORFs are maintained because of a role in control of 
translation (7). 

Consensus Sequence of the 5' NC Region of the HCV 
Genome of 81 HCV Isolates. To determine the extent of 
sequence variability within the 5' NC region of the HCV 
genome, we combined our data on 44 HCV isolates (Fig. 1) 
with that of 37 reported HCV isolates (3-10, 16, 17, 19, 20) 
and performed a multiple sequence alignment on all HCV 5' 
NC sequences currently available. The resulting consensus 
sequence, identical to that of the prototype sequence (5, 7), 
is shown in Fig. 3 as a histogram, illustrating the percent of 
sequences different from the consensus sequence at each 
nucleotide position in 282 nucleotides of the 5' NC region of 
the HCV genome. Our data confirm that the 5' NC region of 
the HCV genome is well conserved among HCV isolates 
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Fig. 3. Histogram of the percent of sequences different from the consensus sequence at each nucleotide position in 282 nucleotides of the 
5' noncoding region among 81 HCV isolates (37 published sequences and 44 sequences from this study) from around the world. The sequence 
of all 282 nucleotide positions was available in 53 isolates, of which 39 were from this study; the remaining sequences were partial sequences. 
The consensus sequence and the percent of sequences divergent from it are given at each nucleotide position for all sequences available at that 
site. Open bars represent contribution of published sequences; closed bars represent data from this study. Uppercase and lowercase letters 
indicate nucleotide positions that are invariant and variable, respectively. The closed triangle indicates the position of an insertion of two 
nucleotides seen in isolate HK2, whereas the open triangle indicates the position of insertions of a single nucleotide seen in isolates HK2, Z5, 
and Z8. The two domains of HCV-1 with significant similarity to bovine viral diarrhea vims (BVDV) are boxed (spaces between adjacent 
nucleotides required for optimal alignment of HCV-1 and BVDV are omitted in this Hgure). Dots under a nucleotide within boxes A and B indicate 
identical nucleotide matches between HCV-1 and BVDV. 



because the overall nucleotide variation, defined as the total 
number of nucleotides different from the consensus se- 
quence, is only 2.0%. However, we find that the 5' NC region 
of HCV consists of highly conserved domains interspersed 
between variable domains. Nucleotide variations from the 
consensus sequence are found in 45 (16%) of the 282 nucle- 
otide positions. The most variable domain spans 50 nucleo- 
tides (positions -167 to —118) and has an overall nucleotide 
variation of 6.0% with variation from the consensus sequence 
at 18 (36%) of the nucleotide positions. In addition, the 
nucleotide insertions observed in three HCV isolates in this 
study are located within this domain (Fig. 1). It is noteworthy 
that the nucleotide identity in this variable domain between 
two different HCV isolates (HK10, S52, S54 versus DK11, 
SW3, T8, US1, and DK12 versus SW3, T8) is as low as 68%, 
and the identity to HCV-1 is as low as 76% (DK11, SW3, T8, 
US1) (Fig. 1). Furthermore, this variable domain has two 
subdomains with even greater variability flanking a region 
that is invariant, except for the nucleotide insertions ob- 
served in three isolates. The overall nucleotide variability of 
these subdomains (positions —167 to —155 and —139 to -118) 
is 9.3% and 8.1%, respectively, and nucleotide variations 
from the consensus sequence were seen at 8 (61.5%) and 10 
(45.5%) of the nucleotide positions, respectively. We have 
thus defined a variable domain of 50 nucleotides within the 5' 
NC region of HCV with significant heterogeneity among 
different HCV isolates. Two other variable domains could be 
identified in the HCV 5' NC region (positions -239 to -222 



and -100 to —72) that displayed an overall nucleotide vari- 
ation of 4.0% and 3.4%, respectively. Nucleotide variations 
from the consensus sequence were seen at 7 (38.9%) and 9 
(31%) of these nucleotide positions, respectively. The high 
degree of nucleotide changes seen within the variable do- 
mains suggests that functional constraints are low in these 
regions. 

The remaining 185 of the 282 nucleotides of the HCV 5' NC 
region analyzed are highly conserved with an overall nucle- 
otide variation of only 0.3%. Nucleotide variations from the 
consensus sequence were seen at only 11 (5.9%) of the 185 
nucleotide positions. Interestingly, there are three long 
stretches with completely invariant nucleotide sequences of 
18, 22, and 63 bases (positions -263 to -246, -199 to -178, 
and -65 to -3, respectively) among all studied HCV isolates. 
Most impressive is the stretch of 63 invariant nucleotides 
immediately upstream of the polyprotein start codon. This 
region contains a domain with significant similarity to pesti- 
viruses (see below). The 5' NC region of a viral genome 
typically contains regulatory elements, so it is likely that this 
region in HCV is conserved because it contains cis-acting 
elements involved in replication of the viral genome (e.g., 
RNA packaging signal, etc.) or expression of viral genes 
(e.g., translation initiation signal, etc.). 

Previously reported sequence analysis suggests a distant 
evolutionary relationship among certain proteins of HCV, 
flavi viruses, and pesti viruses (15, 21). We used computer- 
assisted nucleotide sequence analysis to look for similarity 
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within the 5' NC regions of these viruses. Using the program 
seq, we found no such similarity between HCV and flavivi- 
ruses. However, two nucleotide domains within the 5' NC 
region of the HCV-1 genome showed statistically significant 
similarity to 5' NC sequences of pestiviruses. (i) A domain in 
the 5' end of the 5' NC region (box A in Fig. 3) of HCV-1 was 
found to have statistically significant similarity (P = 0.003) 
with BVDV (22) but not with hog cholera virus (23, 24). (ii) 
Next, a domain in the 3 ' end of the 5 ' NC region (box B in Fig. 
3) of HCV-1 was found to have significant similarity (P = 
0.001) with BVDV (22) and two strains of hog cholera virus 
(P = 0.002, ref. 23 and P = 0.005, ref. 24). These two 
nucleotide domains correspond to conserved regions I and IV 
described by Han and coworkers (7) in an alignment of the 5' 
NC region of HCV and pestiviruses. The two domains within 
the 5' NC region of HCV with significant similarity to 
pestiviruses are likely to have been conserved in virus 
evolution because of an important biological role. This hy- 
pothesis is supported by our finding that these domains are 
conserved among many different HCV isolates (Fig. 3). 

The findings in this study have important implications for 
the selection of primers in cDNA PCR assays to detect HCV 
RNA because genetic heterogeneity among different HCV 
strains results in false negative results because of primer and 
template mismatch. The 5' NC region, previously shown to 
be the most conserved region of the HCV genome, was a 
natural first choice for designing primers for cDNA PCR 
assays (for detailed review, see ref. 11). However, in this 
comprehensive analysis, we have identified additional vari- 
able sequences within the 5' NC region of the HCV genome 
that should be avoided in the design of primers for cDNA 
PCR assays. Conversely, our data highlight regions within 
the 5' NC region of the HCV genome that are especially well 
conserved among a large number of different HCV isolates 
from around the world. The long stretches of invariant 
nucleotides are preferred for primer design. We have recently 
shown in a study comparing primers that a cDN A PCR assay 
with primers designed from the two domains of the HCV 5' 
NC region that share statistically significant similarity with 
BVDV sequences (i.e., boxes A and B in Fig. 3) is both 
sensitive and specific for detecting HCV RNA (12). We have 
now further demonstrated that these domains are highly 
conserved in a large number of HCV isolates from around the 
world. 

In summary, we have demonstrated significant nucleotide 
sequence variation within the 5' NC region of HCV in several 
HCV isolates. Furthermore, we have defined highly con- 
served domains within the 5' NC region of HCV, which 
suggest that these domains have crucial functional roles. 
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